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Abstract— This paper presents a time-domain, Moving Target
Indication (MTI) processing formulation for detecting slow-
moving personnel behind walls. The proposed time-domain M Tl
processing formulation consists of change detection and
automatic target recognition algorithms. We demonstrate the
effectiveness of the MTI processing formulation using data
collected by an impulse-based, low-frequency, ultra-wideband
radar. In this paper, we describe our radar system and
algorithms used for the automatic detection of moving
personnel. We also analyze the false alarm and detection rate of
four operational scenarios of personnel walking inside wood and
cinder block buildings.

l. INTRODUCTION

Current and future forces operating in urban environments
need the capability to detect slow-moving personnel inside
buildings. To identify moving personnel inside buildings, we
consider a time-domain approach that utilizes a low-
frequency, ultra-wideband (UWB) radar. A low-frequency,
UWB radar is desired since the low-frequency transmit pulse
is capable of penetrating the wall [1] and the ultra-wide
bandwidth produces the high range resolution necessary to
locate the moving target.

We consider a time-domain approach to moving target
indication (MTI) as an dternative to a frequency-domain
approach, i.e. Doppler processing, since a very small Doppler
shift in backscattered frequency is generated due to: 1) the
slow motion of the mover and 2) the low frequency needed to
penetrate through the wall. Our time domain processing
algorithms are based on the change detection paradigm which
is inherently similar to clutter cancellation [2]. In the change
detection paradigm the radar remains stationary and generates
a set of images for a region of interest (ROI). Each image in
the set is formed every two-thirds of a second. The stationary
objects in the building remain in the same position/location in
each radar image; however, moving personnel will be at
different locations. We can therefore detect the moving
personnel by subtracting adjacent radar images in the set,
thereby eliminating the stationary objects and identifying the
moving target (MT) signature.
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Our previous research [3] discusses multiple scenarios of
people walking inside wood and cinderblock structures, and
walking in linear and non-linear trajectories (notice that all
results are based on experimental data, not on simulations). In
all scenarios the slow-moving personnel were detected using
the change detection paradigm.

Interpretation of the resulting MT signature, however, is
still challenging after change detection. For example, due to
false-alarm artifacts, previous results [3] indicate that change
detection cannot automatically identify the moving target
located in the difference image. The moving target can only
be identified through visual inspection of the difference
image. Therefore, it is not possible to implement additional
signal processing techniques like classification or target
tracking. Another challenge with change detection is that
sidelobe artifacts are produced in the difference image, which
confuse the true moving target location.

A way to improve user interpretation of the resulting
difference image is to apply the constant false alarm rate
(CFAR) algorithm [4] and morphological processing [5].
CFAR is an approach used to eliminate imaging artifacts and
potential false alarms associated with the slow-moving targets
(e.g. low-intensity (“faint”) target responses due to multi-path
effects). The morphological processing is used to further
reduce the potential false alarms in the CFAR output image.
In this paper, we will use these techniques to analyze the false
adarm and detection rates of 4 operational scenarios of
personnel walking inside wood and cinderblock buildings.

II.  SYNCHRONOUS IMPULSE RECONSTRUCTION RADAR

The U.S. Army Research Laboratory (ARL) has
developed a ground-based  Synchronous Impulse
Reconstruction (SIRE) radar [6] to aid in the detection of
concealed targets [7]. The SIRE radar is an impulse-based,
UWB imaging radar with a bandwidth covering 300MHz to
3GHz, a freguency range appropriate for sensing through the
wall (STTW) applications [1]. As is illustrated in Figure 1,
the SIRE radar employs 2 transmit antennas and 16 receiver
antennas mounted in a wooden frame and attached to the top
of a Ford Expedition. The receive antennas are equally
spaced across a linear aperture that is 2m long. The two
impulse transmitters are located at each end of the wooden
frame and dlightly above the receive array. The SIRE radar
constructs a high-resolution (0.15m) down-range profile
through novel, ARL-developed signal-processing techniques

[7].
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(a) Forward-looking configur ation.

(b) Side-looking configuration.

Figure 1: The SIRE Radar.

1. APPROACH TO MOVING TARGET INDICATION

Our approach to MTI consists of change detection, CFAR
processing, and morphological processing. The SIRE radar
remains stationary and measures the energy reflected from a
ROI. We begin the MTI processing by buffering downrange
profiles measured by each receive channel for a single pair of
transmit pulses. Since the transmitters fire in sequence—the
left transmitter followed by the right transmitter—we
effectively buffer two downrange profiles from each receive
channel, and the time required to assemble these profiles
represents one frame of data. After buffering the data from one
frame, we then collect another pair of downrange profiles
from each receive channel for the next frame of data. Finaly,
we form the coherent difference between these newly
collected profiles and the corresponding buffered profiles to
obtain a new data set consisting of modified downrange
profiles defined by

fi,j,k(r): fi+1,j,k(r)_ fi,j,k(r) D

where j=1..,N-1 j=12 and k=1...16. Here r represents the
downrange index, i represents the dow-time (frame) index, |
represents the transmitter index, and k represents the receiver
index. Hence, we are forming a signal that monitors changes
between the two sets of downrange profiles measured at time i
and time i+1 using transmitter j and receiver k. Thisis why we
refer to our model as a “change detection” (CD) paradigm.
The difference signal, () (corresponding to the derivative

in time), is then input to an image formation routine, in our
case atime-domain back-projection procedure [8], resulting in
the set difference images:

16 2 L . . 2
L0y =200 1.k T (1, (5,K) @)
k=1 j=1
where g(i, j,k) is a scaling function, x=1,..500, y=1,..500,

and ry(j,K) is the round-trip distance from transmitter j to
pixel (x,y) and back to receiver k.

A way to improve user interpretation of the resulting
difference image is to apply a constant fase aarm rate
(CFAR) algorithm. CFAR is a well-established approach to
eiminating potential false alarms. Typicaly, the algorithm
performs a test of loca contrast that is designed to achieve a
constant false alarm rate [4]. For a given difference image
I;(x, y), aCFAR window is used to scan the difference image

and test for the M T signature.
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Asiillustrated in Figure 2, the CFAR window contains an
inner window, a guard window, and an outer window. The
inner window dimensions are designed so that it is overlaid on
the MT signature. When the inner window is overlaid on the
MT signature, the outer window dimensions are designed to
be superimposed on the local background. The guard window
is used as a buffer between the inner and outer windows and
ensures that large pixel magnitudes due to target sidel obes are
not captured by the outer window. Based on our observations
and analysis of the MT signatures, we have chosen the inner
window to be (0.36x0.28)m or (9x7)pixels, the guard window
to be (0.92x1)m or (23x25)pixels, and the outer window to be
(1.16x1.08)m or (29x27)pixels, where the parentheses denote
(range x cross-range) dimensions.

Outer
Window

Inner
Window
Guard
Window

Figure2: CFAR Window.

The CFAR window is placed in the difference image and
moved pixel by pixel over the entire difference image. The
CFAR agorithm indicates a point of interest (POI) if the sum
of the energy in the inner window is larger than the sum of the
energy in the outer window. For any given location in the
difference image, the inner window to outer window energy
ratio is defined as

R=44 ©)
Ho
where 1, = Z[@(P,k)z] is the sum of the power the
(1K)

inner window, 4, = ZCD[(Pm’n)Z] is the sum of the

(m,n)ey,

power in the outer window, Pl,k is the magnitude of the pixel
at postion (I,k) in the difference image, y; is the set of

pixels in the inner window, and ¥, is the set of pixelsin the
outer window. Define

@(R,k)=f'k’

n,  PR.<n’

R«>7 @)

where n=max(R,) and max(R, ) is the maximum pixel
magnitude in the difference image. The function ®(R, ) is
used to adjust the image background and requires that the
magnitude of each pixel is above the threshold defined by 7,

which is done to prevent errors due to division by very small
numbers. Division by very small numbers artificially inflates
the ratio defined by equation (3) and causes false positives.
The threshold 77 was chosen based on the observations of the
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sidelobes corresponding to the MT signature, which are
typicaly less than max(P,, )/ 2 in magnitude. This choice of
17 eliminates the sidelobes by blending them into the
background of the difference image. Define a CFAR test as

1 R>T
0 ¢€se

This test requires that the sum of the energy in the inner
window is greater than T times the sum of the energy in the
outer window, where T=2. If Y =1, then the center pixel of

the CFAR window is considered as a POI. The POI
corresponds to either a moving target or a false alarm. The
CFAR algorithm generates a CFAR image, C, (X, ), for each

Y =

c

, ®)

input difference image I,(x,y). C (x,y) contains clusters of
POl's corresponding to either the MT signature or false alarms.
Note that C (x,y)=1 or C,(x,y)=0 V i,X,y, meaning that
the pixelsin the CFAR images are binary.

We next apply morphological processing to further refine
the number of clusters present in the CFAR images. The
morphological processing considered implements a dilation
and erosion procedure [5]. Dilation is used to grow the POI
clusters and erosion is used to shrink the POI clusters. The
dilation process is designed to connect clusters in close
proximity by dilating al pixels in each CFAR image. For
dilation we define a 17x17 dilation window -

1 ... 1

[Zd ]17 17 =

1 ... 1

The 17x17 dilation window size was chosen to connect
clusters separated by a distance of 0.68m or less (this distance
was chosen based on observations of the clusters in the CFAR
images). Similar to CFAR, adilation test statistic is defined:

17 17

W = 1 ZZXd(a:,B)'Ci(J'+0!—l,k+,3—1)>0 (6)
d a=1 =1

0, else

for al j=1,..484 and k=1,..484. When the dilation

window scans the CFAR image, an 8 pixel buffer exists along
the edge of the CFAR image (i.e. not enough samples exist at
the edges of the image). There exist i=1..N-1 dilation

images; one for each CFAR image. If ¥, =1 for a given
i, j,k then adilation occurs and D, (j+8k+8)=1, where
D, (x, y) isadilationimage of size (500x500). If ¥, =0, then
D, (j +8k+8)=0, and no dilation occurs.

We next apply an erosion procedure to reduce the size of

the clusters in the dilation image back to their original sizein
the CFAR image. Any clusters joined using the dilation
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process will remain joined after the erosion process. For
erosion we define a17x17 erosion window y,:

0 .- 0 1 0 --- 0
o - 0 * 0 -0
[Ze]ﬂ’17 =11 . o 1 e o1
0 0O : O 0
0 O 1 O 0

Similar to the dilation procedure, we define the erosion test
statistic as

¥ - 1 y=Q
* 10 ese ™

where

17
=D Xe(@,9)-D,(j+a—1Lk+8)

a=1

+ize(9,ﬂ)- D, (j+8k+/4-1),
=1

Q=34 is the eroson threshold, j=1,..484, and
k=1,...484. There exist i=1,..N -1 erosion images; one
for each dilation image. If w_=1 for a given i, j,k, then
E (j +8k+8)=1, where E (x,y) isan erosion image of size
(500x500). If ¥, =0, then an eroson occurs and
E (j+8k+8)=0. We refer to the set of erosion images,
{E,(X,y)...E\_; (% ¥)}, asthe morphologica output images.

IV. EXPERIMENTAL RESULTS

In previous experimentation, data was collected for
multiple scenarios of personnel walking inside wood and
cinderblock buildings [3]. During the collection of the data,
the SIRE radar remained stationary and was positioned
broadside to the wall and 38" off the broadside position. The
off-broadside angle was selected in an attempt to reduce
imaging artifacts present in the difference images due to large
reflections from the wall. The measured data was processed
using the proposed change detection technique. The results of
this experimentation indicated that the MT signature to wall
noise ratio in the difference images was reduced when
imaging inside the wood building (compared to cinderblock
building) at 38° off the broadside position.

In this paper, we will consider a subset of the same data
and scenarios described in [3]. For all scenarios, our radar
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collected 35 frames of data. The proposed approach described
in Section |11 was used to process 35 frames for each scenario.
Scenario 1 consists of a person walking in a circular pattern
inside awood building where the radar is positioned broadside
to the wall. Key morphological images, or key frames, are
shown in Figure 3 for Scenario 1, where the key frames
indicate different instants in time. For all scenarios, the key
frames presented represent only a subset of all morphological
images available. Asillustrated, the clustersin each key frame
represent the MT signature. As shown, no imaging artifacts
are present in the key frames (or any other morphological
image for this scenario). Frame 1 is a morphological image of
the person moving away from the radar (“2 O’clock” position
on the circular trajectory), Frame 2 is an image of the person
moving away from the radar (“5 O’clock” position on the
circular trgectory), and Frame 3 is an image of the person
moving toward the radar (“10 O’clock” position on the
circular trgjectory).

o _Cross-Range MT Signature
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Figure 3: Key frames of the morphological output images for Scenario
1. The person iswalking in a circular pattern inside the wood building
and theradar ispositioned broadside with respect to thewall.

Scenario 2 consists of a person walking in a circular
pattern inside a wood building where the radar is positioned
38" off the broadside position. Key frames are shown in
Figure 4 for Scenario 2. The MT Signature is present in all
key frames and they are larger than the MT signatures
illustrated in Scenario 1. The increased size of the MT
signature corresponds to additional uncertainty regarding the
moving target’s location. In addition to the increase in MT
signature size, false darms are present in the morphological
images as indicated by key frame 2 in Figure 4.

FalseAAlarms
.” *_

g

Cross-Range
——>

——

Down-Range

MT Signature

Frame 1 Frame 3

Frame 2

Figure 4: Key frames of the morphological output imagesfor Scenario 2.
The person iswalkingin acircular pattern inside the wood building and
theradar ispositioned 38" off the br oadside angle.

Scenario 3 consists of a single person waking aong a
random trgjectory inside the cinderblock building, and the
radar is positioned broadside with respect to the wall. Key
frames for Scenario 3 are shown in Figure 5. Similar to
Scenario 2, fase alarms are present in the key frames.
However, unlike Scenarios 1 and 2, the MT signature is not
present in all key frames.
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Figure5: Key frames of the mor phological output imagesfor Scenario 3.
The per son iswalking randomly inside the cinder block building and the
radar is positioned broadside to the wall.

Scenario 4 consists of a single person walking along a
random trgjectory inside the cinderblock building, and the
radar is positioned 38" off the broadside angle. Key frames for
Scenario 4 are shown in Figure 6. The MT signature is
illustrated in the key frames and dl other clusters are false
alarms. The three notable observations of the clusters present
in the key frames of Scenario 4 are: (i) several false alarms are
present, (ii) the MT signatures are preserved, and (iii) the size
of the MT signatureisvery large.

o _Cross-Range MT Signature
3 - \/ 1
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Figure 6: Key frames of the mor phological output imagesfor Scenario 4.
The person iswalking randomly inside the cinder block building and the
radar is positioned 38 degrees off the broadside angle.

We analyzed the clusters in all morphological images for
each scenario. This analysis consisted of examining: N - the
total number frames, Nc - the total number of clusters, Nta- the
number of false aarms, Nd - the number of moving target
detections, Nu - the average number of pixels in the MT
signature, Pra = (Nfa/Nc) - the probability of fase alarm, and
Ps = Nd/N - the probability of detection. The results are
illustrated in Table 1.

Table 1: Statistics of morphological imagesfor each scenario.

Scenario | N Ne | Nfa | Nd | Pra | Pa Ng
1 35 35 0 35 0 1 464.9
2 35 54 19 35 0.35 1 1596
3 35 47 36 11 0.77 | 0.31 520
4 35 196 161 35 0.82 1 4195

As is shown in Table 1, imaging inside a wood building
when the radar is broadside to the wall (Scenario 1) is the
most favorable scenario, which is evident by P=0 and Pa=1.
Imaging the wood building at an off angle (Scenario 2)
increases the false alarm rate and average number of pixelsin
the MT signature. The false darms are generated when their
energy is of the same magnitude as the energy of the MT
signature. This effect is the result of imaging at an off angle
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and is due to the energy scattering effects from the wall and
building geometry.

The cinderblock wall in Scenario 3 absorbs and scatters
more energy from the transmit waveform than does the wood
wall in Scenarios 1 and 2. The energy of the MT signature is
therefore severely attenuated, and the magnitude of the front
wall signature is the same or greater than that of the moving
person. Hence, the front wall in the difference image is not
effectively canceled by change detection [3], and the CFAR
algorithm preserves false aarms and reduces the MT
signature. This fact is evident by examining Ps and Pra. Pq
indicates that the MT signature is only present in 31% of the
morphological images and Pra indicates that 77% of all clusters
arefaseadarms.

Unlike Scenario 3, the MT signature is preserved in every
morphological image of Scenario 4 and is evident by Pa=1.
However, the number of false alarms for Scenario 4, i.e.
N«=196, is significantly higher than any other scenario. In
addition, the average number of pixels in the MT signature,
Nu=4195, is greatly increased. In this scenario, the energy of
the MT signature is attenuated by absorption of the
cinderblock wall (as described in Scenario 3) and imaging at
an off angle (as described in Scenario 2). The CFAR
algorithm, therefore, preserves the false alarms in addition to
the MT signature. Furthermore, the morphological processing
algorithm will merge false adarms with the MT signature
resulting in alarger than expected MT signature. An example
of this effect is shown by key frame 2 in Figure 6, where the
large cluster is a result of the true MT signature and several
merged false alarms.

V. CONCLUSION

We demonstrated the effectiveness of our time-domain
MTI processing technique for automatically detecting moving
personnel walking in non-linear trajectories inside both wood
and cinderblock building structures. The results indicated that
imaging inside awood building when the radar is broadside to
the wall (Scenario 1) is the most favorable scenario with Pi=0
and Ps« =1. When the radar was positioned 38° off the
broadside angle for the wood wall (Scenario 2), detection
performance was Ps=1. However, an increase in false alarm
rate was produced, and this increase was due to the energy
scattering and multipath effects encountered when imaging at
an off angle.

Sensing through a cinderblock wall when the radar was
positioned broadside to the wall (Scenario 3) produced missed
detections of the MT signature and false alarms—effects due
to the energy scattering/absorption effects of the cinderblock
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wall. Sensing through a cinderblock wall when the radar was
at an off broadside angle (Scenario 4) produced no missed
detections while yielding the largest number of false alarms.
This performance was most likely due to the energy-scattering
and multipath effects of the cinderblock wall encountered
when imaging at an off angle.

Our results indicate the feashility of detecting moving
personnel inside wood buildings. Detecting moving personnel
inside cinderblock buildings, however, is more chalenging.
As part of future research efforts, we will consider techniques
to eliminate the large energy response produced by the
cinderblock wall, and we will evauate techniques for
eliminating false darms. We also plan to examine the false
alarms produced by multipath effects by modeling each of the
4 scenarios described in this paper.
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